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             Abstract 
We cloned and sequenced full-length cDNAs encoding the b subunit of thyroid-stimulating hormone (TSHb) from the pituitary of 
fathead minnow (Pimephales promelas) using 5 0- and 3 0-rapid ampliﬁcation of cDNA ends (RACE). Three cDNA variants for TSHb 
with lengths of 1184-, 1093-, and 818-bp were identiﬁed. The cDNA variant of 1184-bp included 453-bp of open-reading frame and 
610-bp of 3 0 UTR followed by a poly(A)site. This cDNA encodes 150 amino acids including a 19 residue signal peptide and a mature 
TSHb protein of 131 residues with sequence identities of 97–53% to other ﬁshes and 42–39% to mammals. The 1093-bp cDNA variant 
was identical to the 1184-bp variant in the open-reading frame, but contained a deletion of 40-bp in the 3 0 UTR. The 818-bp cDNA 
variant, however, contained 498-bp of open-reading frame followed by 227-bp of 3 0 UTR and a poly(A)site. The deduced amino acid 
sequence for this cDNA variant showed 99.2% homology with the 1184- and 1093-bp variants of TSHb, but a single deletion of 332­
bp nucleotides spanning the predicted stop codon and 3 0 UTR resulted in a deduced amino acid sequence with 15 additional residues 
on the C terminus. The presence of this 818-bp cDNA variant in the pituitary was further conﬁrmed by PCR using primers developed 
to the 5 0 and 3 0 UTR. PCR and Southern blot analyses of genomic DNA suggested only one gene for TSHb. Sequencing of this gene 
revealed a hairpin loop structure of approximately 300-bp located in the 3 0 UTR and corresponding to the region of the 332-bp deletion 
in the 818-bp transcript. 
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Thyroid-stimulating hormone (TSH, thyrotropin) is a 
glycoprotein released from the adenohypophysis to acti­
vate iodine uptake, thyroid hormone synthesis, and the 
release of thyroid hormone from the thyroid gland (Szkud­
linski et al., 2002). Similar to other glycoprotein hormones, 
TSH is a heterodimeric hormone composed of two non-
covalently bound protein subunits (a and b) that are syn­thesized separately but combine to form the functional hor­
mone. The a subunits of TSH, follicle-stimulating hormone 
(FSH), luteinizing hormone (LH), and human chorionic 
gonadotropin (hCG) are identical, and structural variation 
among the b subunits mediates the receptor speciﬁcity and 
biological action of each glycoprotein hormone. 
In ﬁsh, mRNA for the b subunit of TSH (TSHb) has 
been isolated and the cDNA sequenced from select species 
of Salmonids (Ito et al., 1993; Martin et al., 1999), Anguil­
lids (Han et al., 2004; Salmon et al., 1993), and Cyprinids 
(Chatterjee et al., 2001; Yoshiura et al., 1999). However, 
TSHb has not previously been cloned from the fathead 
minnow (Pimephales promelas), a widely utilized model 
species for toxicological research (Ankley and Villeneuve, 
  2006). Small ﬁshes including the fathead minnow are 
increasingly used to evaluate potential endocrine disrupting 
chemicals (EDCs) (USEPA, 2002; Ankley and Johnson, 
2004), yet there is still a need in many of these species to 
develop molecular markers for the hypothalamic–pitui­
tary–thyroid axis. A number of EDCs including polychlo­
rinated biphenyls (PCBs) and brominated ﬂame retardants 
(e.g., PBDEs) are known to alter plasma thyroid hormone 
levels, but little is known about the mechanisms by which 
these chemicals act (Brown et al., 2004). Sequencing the 
TSHb transcript from fathead minnow will permit evalua­
tion of how these and other EDCs inﬂuence the thyroid 
axis at the level of the pituitary gland. In the current study, 
we used 5 0- and 3 0-rapid ampliﬁcation of cDNA ends 
(RACE) on RNA extracted from the pituitary gland to 
identify full-length cDNAs for TSHb from fathead 
minnow. 
2. Materials and methods 2.1. Total RNA isolation 
Fathead minnow (Pimephales promelas) adults were obtained from 
Environmental Consulting & Testing (Superior, WI). Minnows were 
euthanized in tricaine methanesulfonate (MS222; Argent Chemical, Red­
mond, WA), and pituitaries were dissected, pooled, and frozen immedi­
ately in liquid nitrogen. Female and male pituitaries were pooled 
separately. Brains were also dissected, frozen, and stored from each ﬁsh 
individually. All tissues were stored at -80 oC. 
Total RNA was extracted from the pooled pituitary tissues of adult 
female minnows (n = 12; mass, 0.97 ± 0.6 g; length, 43.8 ± 1.2 mm, 
mean ± SEM) since the amount of total RNA obtained from a single 
pituitary was insuﬃcient for cloning. Total RNA was isolated in Tri-
Reagent (Molecular Research Center, Cincinnati, OH) and quantiﬁed 
by spectrophotometry (260:280 ratio of 2.01; NanoDrop Technologies, 
Wilmington, DE). RNA quality was conﬁrmed by electrophoresis on 
a 1% agarose gel. 
2.2. cDNA cloning of TSHb from fathead minnow 2.2.1. Determination of a partial cDNA sequence for TSHb 
To obtain a partial cDNA sequence, ﬁrst-strand cDNA was synthe­
sized in a 20 ll reverse transcription reaction by incubating 2 lg of total 
RNA template (4.36 ll) with 1.0 ll PCR nucleotide mix (10 mM of dCTP, 
dGTP, dTTP, and dATP, Promega, Madison, WI), 0.5 ll of random prim­
ers (Promega), and 6.14 ll of RNAase-free H2O (Sigma) at 65 oC for 
5 min. Subsequently, 4 ll of 5· buﬀer, 2 ll of 0.1 M DTT, 1 ll of RNase 
inhibitor, and 1 ll of Superscript II reverse transcriptase (Invitrogen, 
Carlsbad, CA) were added, and the mixture was incubated at room tem­
perature for 10 min followed by 42 oC for 50 min and 70 oC for 15 min. 
PCR was performed using degenerate primers designed from consen­
sus regions of cDNA sequences for TSHb from other cyprinid ﬁshes (zeb­
raﬁsh, Danio rerio, GenBank Accession No. AY135147, Herzog et al., 
2003; goldﬁsh, Carassius auratus, Accession No. AB003584, Yoshiura 
et al., 1999; common carp, Cyprinus carpio, Accession No. AB003585; 
and bighead carp, Aristichthys nobilis, Accession No. AF177471, Chatter­
jee et al., 2001). The primers used were (forward) 5 0-TGC(A/C)CCAC(C/ 
T)GA(G/C)TACAC(C/T)AT-3 0 and (reverse) 5 0-CTCATACTG(G/ 
T)TCCCAATA(C/T)GC(C/T)TGG-3 0. First-strand cDNA was ampliﬁed 
in a 50 ll PCR containing 2 lg of reverse-transcribed cDNA from the 
pooled female pituitaries (GeneAmp PCR System 2400; Perkin-Elmer, 
Wellesley, MA) using a thermal proﬁle of 94 oC for 2 min followed by 30 cycles of 94 oC for 30 s, 50 oC for 30 s, and 72 oC for 1 min, and ending 
with 72 oC for 10 min. Each PCR was replicated three times, and the 
resulting cDNA was pooled. Electrophoresis on a 1.2% agarose gel 
revealed a band of predicted size, so the cDNA was puriﬁed (QIAquick 
PCR Puriﬁcation Kit, Qiagen, Inc., Valencia, CA) and sequenced on an 
ABI PRISM 3100 Genetic Analyzer using a ABI Big Dye Terminator 
Cycle Sequencing Kit v3.1. 
2.2.2. Cloning and sequencing of full-length cDNAs for TSHb 
Nested primers speciﬁc to fathead minnow TSHb were designed from 
the partial cDNA sequence obtained above and used to acquire the full-
length sequence by 5 0- and 3 0-rapid ampliﬁcation of cDNA ends (BD 
SMART RACE cDNA Ampliﬁcation Kit, Clontech Laboratories, Inc., 
Mountain View, CA). The outer-nested primers were (forward) 5 0-GT 
GAAGGAGTTGGTGGGTCCTCGTTTCC-30 and (reverse) 5 0-CTCCT 
CAGGGTCGGGGTACAGATGTCGG-3 0 . The inner-nested primers 
were (forward) 5 0-CGGACGGCCATCTTGCCTGGCTGT-3 0 and 
(reverse) 5 0-GGGCACATTCGTCACTGTGGGTGTTACA-3 0 . First-
strand cDNA was ampliﬁed in a 50 ll PCR containing 0.02 lg of
reverse-transcribed cDNA from the pooled pituitaries of female minnows 
under a thermal proﬁle of 5 cycles of 94 oC for 30 s followed by 72 oC for 
2 min; 5 cycles of 94 oC for 30 s, 70 oC for 30 s, and 72 oC for 2 min, and 
then 25 cycles of 94 oC for 30 s, 68 oC for 30 s, and 72 oC for 2 min. Elec­
trophoresis of the 5 0 RACE product on a 1.2% agarose gel revealed a sin­
gle band, while the 3 0 RACE product produced multiple bands. The 3 0 
RACE bands were excised from the gel and puriﬁed using a Qiaex II 
Gel Extraction Kit (Qiagen, Inc.). A second round of PCR was performed 
on each puriﬁed band using the inner-nested primers and thermal condi­
tions of 95 oC for 2 min followed by 30 cycles of 95 oC for 30 s, 60 oC 
for 30 s, and 72 oC for 1 min, and then 72 oC for 2 min to conﬁrm that 
these PCR amplicons were TSHb. 
The cDNA was ligated into plasmid (Novagen Perfectly Blunt® 
Cloning Kit, pSTBlue-1, EMD Biosciences, Inc.) and transformed into 
ampicillin resistant bacteria that were then cultured overnight at 37 oC 
with 50 lg/ml ampicillin. The cDNA was then extracted, puriﬁed (QIA­
quick PCR Puriﬁcation Kit, Qiagen, Inc.) and sequenced. Full-length 
TSHb sequences were obtained by aligning overlapping nucleotide 
sequences using SequencherT 4.5 software (Gene Codes Corp., Ann 
Arbor, MI) and analyzed against sequences for TSHb from other verte­
brates by the ClustalW Method (Lasergene software; DNASTAR, Inc., 
Madison, WI). 
Full-length cDNA sequences for fathead minnow TSHb were con­
ﬁrmed by PCR using primers designed to the 5 0 and 3 0 untranslated region 
(UTR). These primers were (forward) 5 0-ATCCTGAAACCCTGCC 
AGCTATA-3 0 and (reverse) 5 0-CATTAAAGTTGGCAGAAGGTCT 
ATTATC-3 0 . Reverse-transcribed total RNA from pooled pituitary 
glands of both female and male minnows was ampliﬁed separately in 
50 ll PCRs containing 2.5 ll of cDNA template, 38.5 ll nuclease-free 
H2O, 5 ll 10· buﬀer, 1 ll dNTP mix, and 1 ll Taq DNA polymerase 
(BD AdvantageT 2 PCR Enzyme System, Clontech Laboratories, Inc., 
Mountain View, CA) under a proﬁle of 95 oC for 2 min followed by 30 
cycles of 95 oC for 30 s, 57 oC for 30 s, and 72 oC for 1 min, and then 
72 oC for 2 min. The PCR products were examined on a 1.2% agarose 
gel, and bands were excised, puriﬁed and sequenced. 
2.3. PCR for TSHb in genomic DNA 
Chromosomal DNA was isolated from the whole brain of adult female 
fathead minnows using a DNeasy Kit (Qiagen, Inc.) with an additional 
treatment of RNaseA. We then performed PCR on the genomic DNA 
to determine whether the multiple cDNA variants that we identiﬁed for 
TSHb resulted from multiple genes. 
A set of gene-speciﬁc primers was designed to amplify TSHb from geno­
mic DNA. The forward primer for this PCR was designed to the TSHb 
open-reading frame upstream of intron 2 identiﬁed previously in TSHb 
from ﬁsh (Sohn et al., 1999; Han et al., 2004) and other vertebrates (Kawa­
saki et al., 2003). The reverse primer was designed to the 3 0 UTR. The prim­
ers used for this PCR were (forward) 5 0-ACCATCTGCATGGGCT 
 TCTGCTTC-3 0 and (reverse) 5 0-ACAATTGCACCCAGTCAACTGCTA 
CAA-3 0. Genomic DNA was ampliﬁed in a 50 ll PCR containing 1.0 ll 
of DNA template (100 ng), 37.6 ll nuclease-free H2O, 5 ll 10· buﬀer, 
3 ll MgCl2, 1  ll dNTP mix, 0.4 ll Taq DNA polymerase (Promega), 
and 1 ll of each primer using a thermal proﬁle of 95 oC for 2 min fol­
lowed by 33 cycles of 95 oC for 30 s, 59 oC for 30 s, and 72 oC for 30 s, 
and then 72 oC for 2 min. The PCR products were examined on a 2% 
agarose gel. 
2.4. Sequencing of TSHb from genomic DNA 
Genomic DNA was ampliﬁed in a 50 ll PCR containing 1.5 ll of DNA 
template (180 ng), 25 ll GoTaq® Green Master Mix (Promega), 21.5 ll 
nuclease-free H2O, and 1 ll each of forward and reverse primer (10 lM) 
using a thermal proﬁle of 1 cycle of 95 oC for 2 min and 30 cycles of 
95 oC for 30 s, 51 oC for 30 s and 72 oC for 3 min, followed by a ﬁnal exten­
sion of 72 oC for 5 min. Primer pairs used were either forward primer (5 0­
ATCCTGAAACCCTGCCAGCTATA-3 0) or forward primer (5 0-GAA 
GATGTGATCCATACTACAACCAGAG-3 0), each paired with the 
reverse primer (5 0-AAACACTGCCGATCAAACATTAAAG-3 0). Both 
primer pairs produced clear, single bands of 2.5- or 1.6-kb on a 2% agarose 
gel (Invitrogen, Inc.). 
PCR products from these reactions were puriﬁed, ligated into plasmid. 
Ampicillin resistant bacteria were cultured overnight, and recombinant 
colonies were conﬁrmed by PCR using the primers forward (5 0-CCC 
ATTGGCCTCACTACACAA-3 0) and reverse (5 0-ACCACTATTGGCC 
TCATAAAAGACATCAGATGCTTG-3 0). Plasmid DNA was then 
sequenced as described above. Primers used in the sequencing reactions 
including the vector primers T7 and U-19 and the following TSHb-speciﬁc 
primers: forward 5 0-CCCATTGGCCTCACTACACAA-3 0, forward 5 0­
CCCTAATACCTTTACCCTAACC-3 0, reverse 5 0-CCAACTCCTTCAC 
ATTACTGTC-3 0, and reverse 5 0-ACCACTATTGGCCTCATAAAAGA 
CATCAGATGCTTG-3 0 . 
2.5. Southern blot analysis 
Genomic DNA was isolated from the fathead minnow brain as 
described. DNA (10 lg) was digested with HincII overnight at 37 oC, and 
then electrophoresed on a 1% agarose gel and transferred to a nylon mem­
brane. Hybridizations were carried out overnight at 42 oC with a probe 
labeled with digoxigenin-11-dUTP. This 280-bp probe was speciﬁc to the 
open-reading frame of fathead minnow TSHb and was generated by PCR 
using the primers (forward) 5 0-GTGAAGGAATTGGTGGGTCCTCG 
TTTCC-3 0 and (reverse) 5 0-CTCATACTG(G/T)TCCCAATA(C/T)GC 
(C/T)TGG-3 0 using a thermal proﬁle of 95 oC for 2 min followed by 25 
cycles of 95 oC for 30 s, 57 oC for 30 s, and 72 oC for 1 min, and then 
72 oC for 2 min. Prior to hybridization, the DIG-labeled probe was dena­
tured at 99 oC for 10 min. After hybridization, washes were performed as 
follows: 2 · 15 min with 2· SSC/0.1% SDS at room temperature, 
2 · 15 min with 0.5· SSC/0.1% SDS at 65 oC, and 30 min in 1· blocking 
buﬀer at room temperature. Primary anti-digoxygenin antibody (1:10,000; 
Roche, Ltd., Basel, Switzerland) was applied for 30 min at room tempera­
ture, and the membrane was washed with 0.3% Tween 20 in 0.1 M maleic 
acid with 0.15 M NaCl. The hybridization signals and size markers were 
visualized with a CSPD® chemiluminescent alkaline phosphatase substrate 
and photographed (Kodak Image Station 440CF). Fig. 1. The full-length nucleotide and deduced amino acid sequences of the (a
minnow. The predicted open-reading frame is shown in capital letters with th
highlight boxes), and polyadenylation signal (double underline). The 40-bp segm
cDNA variant is shown in (a). The 332-bp segment deleted from the 818-bp var
1184- and 1093-bp cDNA variants) is outlined by a box (basepairs +394 to +39
from the 1184-bp cDNA variant generates the 818-bp cDNA variant with a 
speciﬁc primers to common 5 0 and 3 0 UTRs revealed that the 5 0 RACE-ready c
from female (lane 2) and male (lane 3) minnows all produced two major PCR p
the 1184- and 1093-bp cDNA variants for TSHb, and the lower band represe3. Results and discussion 
3.1. Isolation of multiple full-length cDNAs for TSHb 
Here, we provide evidence that fathead minnow have 
multiple mRNA variants for TSH b-subunit in the pitui­
tary, including one atypical variant that has a deduced pro­
tein sequence with an extension of 15 amino acids on the C 
terminus. Initially, we isolated and sequenced a 342-bp 
cDNA fragment of TSHb from the pooled pituitary tissues 
of female minnows. This 342-bp amplicon was 94–88% 
identical to the TSHb subunit from other Cyprinid ﬁshes. 
Primers designed to this partial sequence were then used 
in RACE RT ﬁrst-strand cDNA reactions to synthesize 
the full-length sequence. Three full-length cDNA sequences 
for TSHb were identiﬁed with lengths of 1184-bp (Gen-
Bank Accession No. DQ677879), 1093-bp (GenBank 
Accession No. DQ677880) and 818-bp (GenBank Acces­
sion No. DQ677881). 
Sequence analyses of the three cDNA variants for fathead 
minnow TSHb revealed that the cDNA variant of 1184-bp 
included 453-bp of open-reading frame that encodes 150 
amino acids including a 19 residue signal peptide and a 
mature TSHb protein of 131 residues (Fig. 1a). This 1184­
bp cDNA also had 610-bp of 3 0 UTR which included a 
poly(A) signal sequence (AUUAAA). The 1093-bp cDNA 
variant of TSHb was nearly identical to the 1184-bp variant 
from the 5 0-end to the poly(A) signal, although we obtained 
40-bp less of the 5 0 UTR. This cDNA also contained a single 
deletion of 40-bp in the 3 0 UTR (Fig. 1a). The 818-bp cDNA 
variant, however, contained 498-bp nucleotides of open-
reading frame followed by 227-bp of 3 0 UTR and a poly(A) 
signal (Fig. 1b). This variant had an unusual deletion of a 
332-bp nucleotide segment which included part of the 3 0 
UTR and the stop codon for the open-reading frame of the 
1184- and 1093-bp cDNAs. The deletion of the expected stop 
codon generated an open-reading frame with a deduced 
amino acid sequence containing 15 additional residues on 
the carboxy terminus of the mature protein (Fig. 1b and  c).  
Otherwise, however, the overall deduced amino acid 
sequence for the 818-bp variant was 99.2% identical to the 
sequences for the 1184- and 1093-bp TSHb variants. 
We conﬁrmed the presence of these three variants in the 
pituitary of males and females using RT-PCR. Gene-spe­
ciﬁc primers were designed to the common 5 0 and 3 0 UTRs 
of the three cDNA variants and used to amplify full-length 
cDNA products from reverse-transcribed total RNA of ) 1184- and 1093-bp (b) and 818-bp cDNA variants for TSHb in fathead 
e 19 amino acid signal peptide (underline), start and stop codons (black 
ent (boxed, nucleotide basepairs +400 to +440) missing from the 1093-bp 
iant is highlighted in gray in (a), and the expected stop codon (based on the 
6) in (b). (c) Graphical illustration of how a deletion of the 332-bp segment 
15 amino acid extension of the open-reading frame. (d) PCR using gene-
DNA product (lane 1) and reverse-transcribed pooled pituitary total RNA 
roducts. Sequencing of these bands revealed that the upper band comprised 
nted the 818-bp variant for TSHb. 
c 
 pooled pituitary tissues from female and male minnows 
separately. Multiple distinct cDNA products were gener-
ated from both female and male pituitary total RNA                            
             
                    
 
 
               
 
 
                
 
             
 
 
                    
 
 
                   
 
                   
 
           
                                   
 
 
 
 
 
 
 
       
                                   
 
                      
                           
                 
                
  
                        
  
             
  
                     
 
                     
          
  
          
           (Fig. 1d). Excision and sequencing of these bands con-
ﬁrmed that they consisted of the three cDNAs identiﬁed 
previously.     
      
                   
 
          
        
          
         
 
       
                 
      
     
 
 
 
       
 
              
 
      
         
 
              
 
             
 
      
           
      
 
    
   
   
   
   
   
    
    
     
     
    
    
    
  
         
  
Fig. 2. (a) CLUSTAL W multiple sequence alignment of the deduced amino acid sequence of the open-reading frame for fathead minnow TSHb (1184-bp 
cDNA variant) and TSHb from other vertebrates. Black highlights designate amino acid changes in comparison to fathead minnow, and the 12 conserved 
cysteine residues are designated as grey highlighted letters. Amino acid sequences are provided in one-letter IUPAC code. Accession numbers and citations 
for nucleotide sequences using for the multiple alignment are as follow: bighead carp (AF177471); common carp (AB003585); goldﬁsh (AB003584); 
zebraﬁsh (AY135147); rainbow trout, Oncorhynchus mykiss (D14692; Ito et al., 1993); orange-spotted grouper, Epinephelus coioides (Wang et al., 2004); 
chicken (AF033495; Gregory and Porter, 1997); Chinese soft-shelled turtle, Pelodiscus sinensis (AY618874; Chien et al., 2006); human (M21024; 
Wondisford et al., 1988); mouse (M54943; Kourides et al., 1984), and rat (X01454). (b) Alignment of deduced amino acid sequences of the 1184-bp cDNA 
and 818-bp cDNA variants from fathead minnow with human luteinizing hormone b-subunit (hLHb) (X00264), human chorionic gonadotropin b-subunit 
(hCGb) (X00265; Talmadge et al., 1984), and horse chorionic gonadotropin b-subunit (horse LHb/CGb) (S41704; Sherman et al., 1992). Alignment of the protein sequence of fathead minnow 
TSHb with teleosts and other taxa (Fig. 2) revealed high 
homology to TSHb from other Cyprinid ﬁshes and lower 
identity to TSHb from other teleosts and birds, reptiles 
and mammals (Table 1). Interestingly, the deduced amino 
acid sequence of the 818-bp TSHb cDNA variant from fat-
head minnow has an extended C terminus, which also 
occurs in human chorionic gonadotropin b-subunit 
(hCGb) and horse luteinizing hormone/chorionic gonado-
tropin b-subunits (horse LHb/CGb) (Sherman et al., 
1992; Talmadge et al., 1984). 
3.2. Sequencing of TSHb gene and its comparison to cDNA 
variants 
Full-length PCR using gene-speciﬁc primers designed to 
the 5 0 and 3 0 UTRs of fathead minnow TSHb revealed only 
a single product of approximately 1.8-kb in genomic DNA 
(Fig. 3a), suggesting a single gene for TSHb in fathead min-now. This 1.8-kb product includes intron 2 identiﬁed previ-
ously in the TSHb gene of other vertebrates (Pradet-Blade 
et al., 1998; Sohn et al., 1999; Kawasaki et al., 2003; Han 
et al., 2004; Szkudlinski et al., 2002). We further explored 
this result using Southern blotting with the HincII restric­
tion enzyme. HincII was selected speciﬁcally because of 
its restriction sites; if the 1184- and 818-bp cDNA variants 
were products of two distinct genes, then Southern blot 
analysis using HincII would produce two discrete bands 
diﬀering by 332-bp in size (one band �1.8-kb and a second 
band of �1.5-kb). Instead, Southern blotting produced 
only a single band of �1.8-kb size (Fig. 3b). 
Sequencing of the genomic PCR product revealed two 
exons containing 159- and 294-bp, respectively, of coding 
region for TSHb (Fig. 4a; GenBank Accession No. 
EF590263). These exons were separated by a 1140-bp 
intron corresponding to intron 2. In the 3 0 UTR of this 
gene, we identiﬁed a hairpin loop structure generated by 
two fully complementary 31-bp regions of the 3 0 UTR.
��
Table 1 
Comparison of percentage identity of signal and mature TSHb protein 
between fathead minnow (1184-bp cDNA variant) and other vertebrates 
Species Signal peptide (%) Mature peptide (%) 
Bighead carp 94.7 96.9 
Common carp 73.7 93.1 
Goldﬁsh 73.7 89.3 
Zebraﬁsh 73.7 85.3 
Rainbow trout 26.3 72.4 
Atlantic salmon 26.3 71.4 
Orange-spotted grouper 21.1 61.1 
European eel 21.1 53.5 
Japanese eel 26.3 52.8 
Chicken 21.1 45.6 
Chinese soft-shell turtle 15.8 46.0 
Human 21.1 41.5 
Rat 10.5 40.7 
Mouse 10.5 39.8 
GenBank accession numbers not provided elsewhere are as follows: 
European eel, Anguilla anguilla (X73493); Japanese eel, Anguilla japonica 
(AY158008). 
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Fig. 3. (a) Products of PCR using gene-speciﬁc TSHb primers and 
genomic DNA of two female minnows (columns 1 and 2) and total RNA 
from the pooled pituitary tissues of 12 female minnows (column 3). 
Genomic DNA produced only a single PCR product of 1.8-kb 
containing the 2nd intron of the TSHb gene and the open-reading frame. 
Reverse-transcribed total RNA, however, revealed three distinct PCR 
products corresponding to the predicted sizes for the three TSHb cDNA 
variants. (b) Southern blot analysis of the TSHb gene in fathead minnow. 
Genomic DNA from the brains of two female minnows was digested using 
the HincII restriction enzyme. Digestion with HincII was predicted to 
generate two discrete bands diﬀering by 332-bp if the 1184- and 818-bp 
cDNA variants were produced by separate genes. Southern blotting, 
however, produced only one band of 1.8-kb suggesting a single gene for 
TSHb in fathead minnow. �
This hairpin loop was estimated from electrophoresis to be 
approximately 300-bp in length. The hairpin loop structure 
was located 25-bp from the end of the TSHb stop codon 
and corresponded to the region of deletions in the 1093­
and 818-bp cDNA variants (Fig. 4b). 
While this study provides the ﬁrst evidence of transcript 
variants for TSHb in fathead minnow, multiple cDNAs for 
TSHb have been documented in other taxa. In goldﬁsh, 
Yoshiura et al. (1999) identiﬁed two mRNAs for TSHb 
that diﬀered by 300-bp in length in the 3 0 UTR. These 
variants result from two polyadenylation sites in the 3 0 
UTR, since Southern blot analysis of goldﬁsh DNA indi­
cated only a single TSHb gene. Xenopus laevis has been 
similarly shown to produce variants for TSHb transcripts 
due to multiple polyadenylation sites (Buckbinder and 
Brown, 1993). Some individuals of European eel (Anguilla 
anguilla) have also been shown to produce two transcripts 
for TSHb (Pradet-Blade et al., 1997). These transcripts are 
generated by a 26–42-bp minisatellite in the 3 0 UTR of the 
TSHb gene (Pradet-Blade et al., 1998). 
What process contributes to the production of three 
mRNA variants for TSHb in fathead minnow is not fully 
clear. The 40- and 332-bp 3 0 UTR deletions that character­
ize the 1093- and 818-bp variants, respectively, are not 
located at a known intron–exon boundary typical of 
mRNA variants generated by alternative splicing. Long 
hairpin loops (>100-bp) such as the one identiﬁed in the 
fathead minnow TSHb gene can act as binding sites for 
proteins, protect mRNA from degradation, and induce 
RNA silencing (Svoboda and Di Cara, 2006). Long hairpin 
loops, however, may also be a site for post-transcriptional 
mRNA editing. Adenosine deaminases that act on RNA 
(ADARs) are RNA-editing enzymes that convert adeno­
sine to inosine (recognized as guanosine) in double-
stranded RNAs, eﬀectively altering RNA structure. 
ADARs have been shown to act on hairpin loops in the 
non-coding 3 0 UTR of mRNAs from both vertebrates �
and invertebrates (Morse et al., 2002), and it is possible 
that post-transcriptional processing by ADARs or a simi­
lar mechanism contributes to the generation of multiple 
TSHb transcripts in the fathead minnow. 
Alternatively, there may be another TSHb gene in fat­
head minnow that we have not identiﬁed. Genomic PCR 
and Southern blot analyses imply only one TSHb gene, 
but two pieces of evidence suggest that multiple genes may 
be present. First, the 1184- and 1093-bp cDNA sequences 
do not contain the 300-bp hairpin loop structure seen in 
the TSHb gene shown in Fig. 4. The 818-bp transcript, in 
contrast, shows a 332-bp deletion in the 3 0 UTR correspond­
ing to the location of the hairpin loop structure. Second, the 
818-bp variant shows greater sequence similarity in the 3 0 
UTR to the gene than does either of the other variants. This 
similarity includes several small (1–7 bp in length) changes 
in the 3 0 UTR that were shared between the gene and 818­
bp variant, but not present in the 1184- and 1093-bp cDNAs 
(Fig. 4c). It should be noted, however, that pituitary tissues 
     
 
 
           
 
        
 
       
  
  
 
 
  
   
    
 
       
 
 
       
 
 
 
 
 
Fig. 4. (a) Nucleotide sequences of the 5 0 UTR, intron 2 region and 3 0 UTR fragments of the TSHb gene from fathead minnow. Coding region is shown in 
capital letters; non-coding regions are shown in lowercase. The region coding for the signal peptide of TSHb is underlined. Exon 2, containing part of the 
5 0 UTR and coding region (basepairs -80 to +102), and exon 3, containing the remainder of the coding region (basepairs +1243 to +1536) and part of the 
3 0 UTR, were separated by intron 2 of 1140-bp (basepairs +103 to +1242). Beginning 25-bp after the stop codon (black highlighted box), two fully 
complementary, 31-bp regions of the 3 0 UTR generated a hairpin loop estimated from gel pictures to be of �300-bp. (b) Schematic representation of the 
TSHb gene structure showing the position of the hairpin loop structure relative to the two coding regions (CDS-1 and CDS-2), UTRs and intron 2. (c) 
Alignment of partial 3 0 UTR nucleotide sequences of the TSHb gene and 818-, 1093-, and 1184-bp cDNA variants. The gene and 818-bp transcript share 
several nucleotide changes in the 3 0 UTR including a 2-bp and a 7-bp deletion not present in the 1093- and 1184-bp transcripts. Basepair number 
represents alignment to the TSHb gene (GenBank Accession No. EF590263). were pooled to obtain suﬃcient RNA for the isolation and 
cloning of TSHb, so it is not clear whether three transcripts 
are present in all individuals. The functional signiﬁcance of these transcript variants 
also remains to be determined. Extensions and changes in 
sequence composition of 3 0 UTRs can alter transcript sta­
bility as well as aﬀect mRNA translation and cellular local­
ization (Decker and Parker, 1995). Among the family of 
glycoprotein hormone b subunits, only chorionic gonado­
tropins (CGs) and equine LH/CGb have C-terminal pep-
tide extensions with multiple serine-linked 
oligosaccharides, which evolved independently through a 
3 0-end extension of the LHb gene open-reading frame 
(Jameson and Hollenberg, 1993; Li and Ford, 1998). The 
C-terminal extension with additional carbohydrate moie­
ties does not alter overall conformation of the subunit 
but increases hCG’s biological half-life (Matzuk et al., 
1990) and alters its intracellular processing (Muyan and 
Boime, 1998). The C-terminal extension in the deduced 
amino acid sequence of the 818-bp variant of fathead min­
now TSHb, however, bears little similarity to that of CGbs 
(Fig. 2b) and contains three additional Cys residues, which 
could alter the disulﬁde bond arrangement and conforma­
tion of the protein. While a complete understanding of the 
functional signiﬁcance of the TSHb transcripts is beyond 
the scope of this current study, our ﬁndings illustrate 
how future investigations aimed at isolating transcripts 
for TSHb and other glycoproteins should take care to iden­
tify and sequence all transcripts present. Acknowledgments 
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